Internal carotid artery blood flow and arterial pressure were measured with a sine-wave electromagnetic flowmeter and a pressure transducer in 22 patients during control period and after the intravenous and intracarotid administration of norepinephrine, epinephrine, and angiotensin. Intravenous infusion of both norepinephrine and angiotensin was accompanied by an increase in cerebral vascular resistance. Administration of norepinephrine, epinephrine, and angiotensin into the internal carotid artery failed to alter blood flow immediately. However, when the systemic blood pressure increased, a concomitant passive rise in blood flow did not occur. Thus, at this time cerebral vascular resistance was significantly increased. It is concluded that these drugs do not have a direct action on the cerebral vessels, but that the increased cerebral vascular resistance after their administration is due to autoregulation or to a combination of autoregulation and reduced arterial carbon dioxide pressure (P CO 2 ) secondary to hyperventilation. Similar studies were carried out in the external carotid artery of six patients. Within 10 sec after injection blood flow was markedly reduced, indicating a direct vasoconstricting action on this vascular bed.
A B S T R A C T Internal carotid artery blood flow and arterial pressure were measured with a sinewave electromagnetic flowmeter and a pressure transducer in 22 patients during control period and after the intravenous and intracarotid administration of norepinephrine, epinephrine, and angiotensin. Intravenous infusion of both norepinephrine and angiotensin was accompanied by an increase in cerebral vascular resistance. Administration of norepinephrine, epinephrine, and angiotensin into the internal carotid artery failed to alter blood flow immediately. However, when the systemic blood pressure increased, a concomitant passive rise in blood flow did not occur. Thus, at this time cerebral vascular resistance was significantly increased. It is concluded that these drugs do not have a direct action on the cerebral vessels, but that the increased cerebral vascular resistance after their administration is due to autoregulation or to a combination of autoregulation and reduced arterial carbon dioxide pressure (Pco2) secondary to hyperventilation.
Similar studies were carried out in the external carotid artery of six patients. Within 10 sec after injection blood flow was markedly reduced, indicating a direct vasoconstricting action on this vascular bed.
INTRODUCTION
Several groups of investigators have demonstrated that an increase in arterial pressure after the sys-A portion of this data was presented at the Conference on Blood Flow through Organs and Tissues, 27-29 March 1967, Glasgow, Scotland.
Received for publication 29 November 1967 and in revised form 24 February 1968. temic administration of norepinephrine to human subjects is accompanied by either no change or a slight reduction in cerebral blood flow (1) (2) (3) (4) . These data have been interpreted as indicating that this drug constricts cerebral vessels directly (5) . However, the intracranial vessels probably have the capacity to autoregulate blood flow in response to changes in blood pressure (6, 7) , and therefore an increase in vascular resistance after norepinephrine administration does not prove that the drug constricts these vessels directly. One technique for determining whether norepinephrine affects the cerebral vasculature is to inject this drug into the internal carotid artery while measuring blood flow and arterial pressure continuously. If flow decreases before a change in arterial pressure, then one can assume that this drug has a direct constricting action on the cerebral vessels. Similarly, the possible vasoconstricting actions of other drugs on the cerebral circulation can be evaluated. The effect of epinephrine on the cerebral vessels in man remains controversial (1, 3, 5) , and to our knowledge, there are no data from human subjects which document the cerebrovascular action of angiotensin. Accordingly, this study was undertaken to determine the effects produced by intracarotid injections of norepinephrine, epinephrine, and angiotensin on blood flow and pressure in the internal carotid artery of human subjects. In order to provide comparative data similar measurements were obtained in the external carotid artery of a few of these subjects.
METHODS
Pressure-flow studies were carried out in 22 male patients who were hospitalized on the Neurosurgical Serv- 
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The Journal of Wlpfical Investigation Volume 47 1968 ice of the Durham Veterans Administration Hospital. The informed consent of each patient was obtained. In each patient subtotal resection of a supratentorial malignant brain tumor had been carried out from 10 to 20 days previously. At the time of the study, however, all of the patients were alert and showed no major neurologic deficit. The cerebrospinal fluid pressure was measured on the day of the study in 13 of these patients and was found to be less than 200 mm of H20 in 11. The data described in this report were obtained during exposure of the carotid vessels so that an antitumor agent1 could be infused directly into the internal carotid artery.
Before the surgical procedure the patients were premedicated with 50 mg of meperidine and 25 mg of promethazine. Local anesthesia was accomplished with injections of lidocaine. The common carotid artery and proximal portions of both the internal and external carotid arteries were exposed, and the small arterial branches in this area were ligated. The probe of an electromagnetic flowmeter (EMF) 2 was placed around the common carotid artery proximal to its bifurcation. The probe size was selected so that the vessel was not constricted more than was necessary to obtain an adequate flow signal. Since the EMF probe was on the common carotid artery, flow in either the internal or external carotid artery could be measured by occluding the other vessel with a nontraumatic arterial clamp. A short polyvinyl catheter 3 was inserted in the superior thyroid artery and the tip advanced to the common carotid artery. This catheter was connected to a strain gauge4 and used for recording pressure. Drugs were administered through a 23-gauge needle connected to a short catheter which was inserted into either the internal or external carotid artery distal to the carotid sinus. The drug solutions were prepared with physiologic saline.
Both mean and pulsatile blood flow were recorded continuously with a Kolin-Kado type sine-wave EMF (8) . The frequency-amplitude response of this instrument is flat + 5% through at least 20 cycles/sec. The zero-flow reference was checked frequently during the procedure by temporarily occluding the vessel distal to the probe. The EMF was calibrated on multiple occasions by passing known quantities of physiologic saline through the probes in a given period of time. The instrument was found to be linear+ 2% through the range of flows encountered and the calibration factor, i.e., flow per unit EMF signal remained within a SD ± 6% during the period of this study.
The catheter-transducer system used to measure arterial blood pressure had a frequency amplitude response of ± 5%o through 20 During both the control state and the infusion of drugs, arterial blood samples were obtained frequently for measurement of Pco2.5 Respiratory rate was recorded in some patients with a pneumotachograph. An electrocardiogram was obtained throughout the procedure on each patient. All recording of data was carried out on a direct writing oscillograph at paper speeds of 2.5, 50, or 100 mm/sec.6
Although not all drugs were given to each patient, the general protocol was as follows. Continuous measurements of both pulsatile and mean blood pressure and flow were obtained in the internal carotid artery during a control period and after the intravenous administration of norepinephrine 7 (3.0 /Ag/min) for a 5 min period. Both blood pressure and flow were allowed to return to control levels before the infusion of another drug. Angiotensin 8 (1.0 gg/min) was given intravenously for a second 5 min period.
After this infusion intra-arterial injections of norepinephrine, begining initially with a small quantity, 0.25 /Lg, were given in increasing doses every 3-5 min until the systemic arterial pressure increased. Usually 8.0 ;&g of norepinephrine was required to achieve a suitable response. In a similar manner increasing amounts of epinephrine 9 and finally angiotensin were given into the internal carotid artery. The maximum single dose of epinephrine administered was 5.0 ltg. The largest amount of angiotensin given was 1.0 pig. After the injection of each drug internal carotid arterial pressure and flow were monitored for at least a 2 min period.
In six patients the internal carotid artery was clamped temporarily. The occlusion was never maintained for longer than a 3 min period, and during this time the neurologic status of the patient was tested frequently.
Norepinephrine (1.0 /Ag), epinephrine (1.0 /Ag), and angiotensin (0.25 ,ug) were injected into the external carotid artery sequentially after suitable control periods and blood pressure and flow monitored for a 2 min period.
Although blood pressure and flow were recorded continuously, only selected periods were chosen for analysis. Control pressure-flow data were calculated as the average values of five consecutive heart beats just before the administration of drugs. Data recorded 5 min after beginning the intravenous infusion of norepinephrrine and angiotensin were analyzed. After the intraarterial injection of drugs, pressure-flow data were measured at 10, 20, and 30 sec and at 1 min. Both the mean flow and arterial pressure were read directly from the oscillographic recordings. The peak and nadir values of the flow pulse as well as the systolic and diastolic blood pressures were measured. The vascular resistances of both the internal 5 Model 113, Instrumentation Laboratory Inc., Boston, Mass. 6 Model 850, Sanborn Co., Cambridge, Mass. 7 Norepinephrine, Winthrop Laboratories, New York. 8 Angiotensin, Ciba Pharmaceutical Co., Summit, N. J. 9 Epinephrine, Parke, Davis internal carotid artery, however, flow is maintained at a fairly constant level until near the end of systole. Pressure-flow data obtained in 10 patients during the control state (panel A) and 5 min after the intravenous administration of norepinephrine (panel B) are listed in Table I . A recording obtained from one of these patients is illustrated by Fig. 2 . As shown in Table I , the control mean blood pressure for the group of 100 mm Hg, SE ± 4.0, increased to 116 mm Hg, SE + 5.0. At the same time the control mean blood flow of 198 ml/min, SE + 18.0, decreased to 186 ml/min, SE + 17.0. The change in mean blood flow among the 10 patients was variable and not significant (P > 0.1); it increased in three, was unchanged in one, and decreased in six patients. The vascular resistance increased significantly (P < 0.01 ) from an average control value of 0.532 ml/min per mm Hg, SE ± 0.04, to 0.662 ml/min per mm Hg, SE + 0.11. In five patients (Nos. 1-5, ,ug of norepinephrine into the internal carotid artery. A typical recording from one of these patients obtained during this procedure is illustrated in Fig. 3 . From inspection of Table III Table IV are listed pressure-flow data which were obtained from the internal carotid artery after the intra-arterial injection of 3.0-5.0 ,ug of epinephrine to seven patients (upper half) and 0.5-1.0 ,ug of angiotensin to six patients (lower half). Fig. 4 illustrates a recording from one of these subjects during the administration of epinephrine. 10 sec after epinephrine administration there was no significant change in either blood flow or pressure for the group with the exception of patient C.M. who did have an increase in flow in the internal carotid artery which was maintained for 30 sec. All patients were noted to become somewhat agitated and to experience hyperventilation beginning approximately 8 sec after the injection and persisting for about 1 min (see Fig. 4 ). In six patients 1 min after epinephrine administration the blood flow was attenuated significantly (P < 0.05) from a control value of 192 ml/min, SE + 18, to 168 ml/min, SE + 22.
10 sec after the intracarotid administration of angiotensin (lower half Table IV) there was no significant change in either mean arterial pressure or blood flow. After this period, the mean arterial blood pressure gradually increased (P < 0.05) from a control level of 105 mm Hg, SE + 6, to 120 mm Hg, SE 9, 1 min after the drug was given. Thus, the increase in blood pressure was more gradual than that found after norepinephrine. The blood flow for the group did not change significantly during this period, since the individual responses were somewhat varied. In general, there was a slight increase in blood flow associated with 1678 J. C. Greenfield In Table V are listed the pressure-flow effects resulting from the injection into the external carotid artery of 1.0 pg of norepinephrine (6 patients), 1.0 jug of epinephrine (3 patients), and 0.25 Mg of angiotensin (1 patient). Fig. 5 illustrates a recording from one patient during the infusion of 1.0 Jg of norepinephrine. Within 10 sec after norepinephrine administration into the external carotid artery the blood flow was reduced markedly (P < 0.01) from a control value of 128 ml/min, SE + 10, to 80 ml/min, SE + 6. The peakto-nadir value of the flow pulse, 6.5-1.2 ml/sec, at this time actually demonstrates retrograde blood flow occurring at the end of systole (see Fig. 5 ). During the period of observation the blood pressure did not change significantly from control levels, and the blood flow remained markedly reduced. Similar presstire-flow results were noted in two of the patients who received epinephrine (middle of Table V) . In one patient (D.M.) the flow initially decreased at 10 sec and then transiently increased to near control levels at 20 sec and, finally, decreased markedly at 1 min after injection. Angiotensin injected into the external carotid artery in one patient reduced the flow at 10 sec without changing the blood pressure. Flow remained attenuated during the period of observation.
DISCUSSION
The values obtained for mean internal carotid artery blood flow in these 22 patients showed wide Effect of Vasopressors on Blood Flow in the Internal Carotid Artery individual variation. These findings are consistent with similar measurements carried out in this laboratory previously (9) . In some patients the control values for flow would appear to be low when compared to the total cerebral blood flow measured by the nitrous oxide technique (10). However, blood flow in only one vessel was measured in the present study, and one cannot assume that this value will represent the same per cent of the total cerebral blood flow for all patients. Although these patients had intracranial pathology at the time of study, the cerebrospinal fluid pressure was normal in the majority, and they were alert and had no major neurologic deficit. We feel that the conclusions regarding the effects of these drugs on the cerebral circulation are appropriate to the normal human subject. The finding that there is a large diastolic flow component in the internal carotid artery is of interest. Thus, a major portion of flow in this vessel is nonpulsatile in nature, a finding suggesting that the brain, like the kidney, is perfused continually. In contrast the external carotid artery has little forward flow during diastole. The values for peak systolic flow in both vessels are quite similar. In general, elevation of the blood pressure tends to reduce the peak-to-nadir amplitude of the internal carotid artery flow pulse and to increase the nonpulsatile component of flow.
Although a single value for control mean blood flow is given for each patient in the tables, obviously the flow fluctuates around this mean value in a manner similar to the variations noted in blood pressure. We have found that in a man resting quietly with normal respiratory excursion the cyclic changes in flow are in the order of + 7 %o of the mean value.
Although internal carotid artery blood flow was not reduced significantly during the intravenous norepinephrine infusion in the 10 patients, the 1680 J. C. Greenfield we would not expect a decrease in cerebral vascular resistance. The findings in this study are consistent with the work of Green and Denison (12) , who were unable to demonstrate in a canine preparation an effect on the cerebral circulation by either norepinephrine or epinephrine. The lack of response of the cerebral vessels to norepinephrine administration noted in this study would seem to be inconsistent with the recently reported findings of Krog (13) and Meyer, Joshida, and Sakamoto (14) , who noted that stimulation of the cervical sympathetic ganglia both in man and in primates was followed by a reduction in internal carotid blood flow. From their studies, one might surmise that the cerebral vasculature would respond to circulating adrenergic drugs. We cannot explain these inconsistencies at the present time.
In seven patients a significant reduction in arterial Pco2 occurred 30 sec after norepinephrine administration into the internal carotid artery. We have noted in these and in previous patients that hyperventilation will begin to reduce cerebral blood flow approximately 10-15 sec after it is initiated. Thus, part of the increase in cerebral vascular resistance noted after the intracarotid administration of norepinephrine clearly is related to the reduction in arterial Pco2. However, we feel that autoregulation also plays a major role in these results.
Epinephrine injections into the internal carotid artery also were not followed by any immediate changes in blood flow but were attended by marked hyperventilation within 8 sec as noted in Fig. 3 . This finding clouds the issue concerning other mechanisms, which might explain the reduction in cerebral blood flow occurring 1 min after administration. However, the drug does not constrict directly the cerebral vasculature. The occurrence of hyperventilation in response to the intracarotid administration of epinephrine is inconsistent with the previously reported finding in four patients of Coles, Duff, Shepherd, and Whelan (15) . Our results support the concept that these drugs, in the concentrations used in the present study, have a direct stimulatory effect on respiration.
Angiotensin also produced no immediate change in blood flow when injected directly into the internal carotid artery. The blood pressure rose more gradually than with the norepinephrine injection so that the flow did not appear to increase passively, but remained fairly constant. Again these data are consistent with the hypothesis that angiotensin does not directly constrict the cerebral vessels but that the increase in vascular resistance is due to autoregulation. Arterial Pco2 samples were not obtained after intracarotid injection of angiotensin, but the intravenous administration of this drug was not attended by a change in arterial Pco2, and it is doubtful whether or not hypocarbia played a role in the increase in cerebral vascular resistance which occurred after the administration of angiotensin.
The almost immediate marked reduction (within 10 sec) in blood flow after injection of both norepinephrine and epinephrine into the external carotid artery clearly demonstrates a direct effect of these drugs on the vascular bed supplied by this vessel. The decrease in blood flow was not followed by a change in systemic arterial pressure. In the one patient studied angiotensin also reduced the external carotid artery flow almost immediately, but required somewhat longer than the other drugs to achieve its full effect.
